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Enftrgy recovery sji«tem 
The present invention relates to energy usaQe in diveree fomis of induslry, and more particularly 
relates to an energy recovery s^tem. 

There are many conventional techniques fot gdntMaling (electrical) energy; most lyplcally Involve 
comtw$tlon of some fuel (e.g. coal, natural gas) lhal, ultimately, is In Ibnlied supply. 

tn addition, numerous energy conversion tadinitiues have been described. For example. US-B- 
4,896,509 discloses a pfoces* for converting thermal energy Into mechanical energy In a Ranldne 
cvde. Here, a cycle is repeated comprising the steps of vaporising aworidng fluid wHh a hot heat 
souree (such as hot vwter from, a boiler typlcany used to produce water-staam), expanding the 
resuHanl vapour In an eixpwtslon da^ (rotating or reciprocal dlsplacanenl device. e.g. a turbine), 
cooling It vflth a cold heat aoume (such as cdd vwiter) to oomJenae It (e.g. using condensers lyplcally 
employed In the refrlgerBtlng apparatus), and compressing ft using a pump. Such sysiema, however, 
lyplcdiy employ combustion In the boOlng. 

Furthermore, a problem wfth avaHabie RanWne cycle ayetema are typically large scale plant operaUng 
In the mg«l megawatt range, and are not sutted to exlfacton of energy on a smaUer scale, from 
i^efiveiy low temperature sources, such as hot waste fluid from smaU Industrial Installations, 
automotive oomtH»tion englf>es. and the IDcei 

There Isaneedforan© nergy recovery a ystam i hat o vercomes the a foremenBoned p robtams a nd 
provides an Improved recovery system. 

The present Invention provides en energy recovery system, for extracting energy from a source of 
Aivaete toMrt. flte system Iwlng a^tosed ayatem unth e«lrci*ating vtforklng fluid, comprising: a first heat 
exchanger for receiving source fluid, incorporating the waste heat, at a first temperature and outputBng 
said waste fluid at a second temperature, and for receiving said working fluid at a third temperature 
and outputting the working fluid at a fourth temparatura. said fourth temperatuiB being higher than said 
third lemperature a nd h Igher than the bailing p dnt of the working fluid; a turljlne u nit. a nanged to 
leceive the worthing fluid output from the first heat e jichanger at a first pressure a nd to output the 
vworking fluid at e second pressure, sad second pressure being lower than the first pressure, the 
turbine anl^thereby Imparting rotational energy to a turbine .shaft mounted^wlthio the.tyrb!n%jjnl^_an 
electnanechanlcal conversion unH, coupled to the turbine shall, for converting said nrtattonal energy 
Into electrical energy, a cooling eyatem. coupled to the turbino unit and to the fir^ heat exchanger, for 
receiving the worWng fluid firom the turfjlno unit al a fifth temperature, cooling the fluid, and supplying 
the fluid to the first heal emihenger at sakJ thM temperature. 



Preferably, the cooling system includes a second heat exdianger, coupled to the turbine unu and to 
the first hea« exchanger, for receiving a first supply of worWng fluid from the turbine unH at said fifth 
temperature and outpulUng working fluid from said first supply at a tfxth temperature, saM sixth 
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temperature being I owdrlhan said f Wh temperature; wherein the second heal exchanger i 6 further 
acfapted to receive a second supply of wtnkmg fl\M In rquid form at a seventh temperature and outpu 
working fluid from the second supply of fluid to said first heat exchanger at said third temperature. 

Preferably, the cooling system further Includss a condensing unit, coupled to flie second heat 
exchanger and adapted to receive a supply of cooling fluid, for receiving the working fluid output by 
the second heat exchanger at said eixih temperature and outputting working fluid In liquid form at said 
seventh temperature, said d«verrth t empeiabire being I owerthan said s bdh temperature and lower 
than the boiling point of the working fluid. 

Preferably, the cooling system includes a pump, coupled to the cooling unB, tor receiving the liquid 
working fluid at said seventh temperature and pumping said liquid working fluid to s^d second heat 
exchanger, thereby providing eaid second supply of working fluid to the second heat exchanger. 

Prefsrably, said flrsA (empansAure is about 1 10 to about 225«»C. Prefera!>ly. said second temperature Is 
about 80 to about 140*C, Preferably, saU first temperature Is about 180 «C and said second 
temperature Is aiwut 123%» 

Preferably, said flrst pre&sure is about 10 to 30 bar absolute. Preferably, said second pressure is 
about 0.5 to 2 bar atasoluta. 

Preferably, the tuildne shaft is mounted on a bearing within said turbine unit, and said working fluid 
pemneates said turbine unit, thereby providbig itd>rteaflon of said bearing. 

Preferably, the working fluid ctAipxi&es a s^gle component fluid selected flrom the alkanes. 

Preferably, the working fluid xx>mprise3 a fluid with a boiling point of about 30-1 10«C. 

Preferably, the ele<^mechanlcel conversion unit indudes an aftamator adapted to output elecbic 
current. Preferably, the electromechantoal conversion unit includes an electrteal condltlonrng unit, 
coupled to said alternator, fbr altering the frequency of the current received from the alternator end 
outputting currmt at mains frequency. 

Also, in accordance with the Inventton l6 the use of HFE-TIOO or hexane or water as ttie working fluid 
andTw lubricatton fluid in the energy recovery system of any of the appended daims. Also, in 
accordance witfi the Invention is the use of one of the alkanes as the working fluid andftu- lubrication 
fluid In the energy recovery System of any of the appended daims. 

An advantage of the present invention is thai It provldos an morgy recovery system that Is compact In 
scale. Another advantage Is mat It is capable of extracting energy flrom relatively tow temperature 
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sources. A further advantage is that it can recover energy at a 
heat that would othenvise be wasted, or from renm/able aourqes. 



reasonable efficiency from sources of 



The prBsent Invention Will now be described, by way Of example, witti reference to the accompanying 
drawings In whlph: 

Figure 1 is ahow^ (a) schematic overview of an energy recovery system In accordance with one 
aspect of the Invention, and (b) Intermediate electronics modifying the output of the allernaton 
Figure 2 Is a schematic lllustraBon of the derivation of one source of waste in one aspect of the 
Invention; 

Figure 3 lllustiral«e in more detail the turbine unit and alternator of Fig. 1 ; 
Figure 4 Is an enlaipged view of the turbine bearing In Fig. 3; 

Figure 5 shows In more det^i the bearing member employed In the bearing In Rg. 4, indicating fluid 
flows; and 

Figure 6 Illustrates an alternative (magnetic) coupling of the tuiblna unit and alternator of Fig. 1, In 
another aspect of the invention. 

Turning to the drawings. Fig. 1(a) Id a schemaiic overview of an energy recovery system In 
accordance with one aspect of the invention. A main heat exchanger 102 has at least one source fluid 
Inlet 104 through which it receives a heated source fluid incorporating the thermal eneiigy that is 
sought to be recovered by the system. The tempenaluna of the source fluid upon entering the main 
heat exchanger 102 la designated t1 , 

The m«dn heat exchanger 102 may be driven by any source of heat, and examples of the source fluid 
Include hot air, steam, hot oii, exhaust gasea from engines^ manufacturing pro»ss waste hot fluid, etc. 
Alternatively, the heat source may be solar thermal energy that heats a sullabie fluid (e-g. heal transfer 
oil) that forms the source fluid f6r the main heat exchanger 102. 

Fteferring briefly to FI9. 2, IMS is a Bchematlc illustration of the derivation of one source of waste In one 
aspect of the invention: an important example of wasted energy Is the ubiquitous internal combustion 
engine, b© It petrol, diesel or gas fuelled, redprocating or turbine. The bast simple cyde f ossD fuened 
engine {otiier than very large power stations or marine engines) will be between 35-40% effident: this 
nieans that 60;:65% pf the energy from the fuel used to driyejhe eng Is lost as wa^ heat. 

Returning to Rg. 1(a), the source fluid e}As the main heat exdwtger 102. at a reduced temperature 
12, via at least om source fluid outlet 106. 

The main heat exchanger 1 02, which is suftaijiy of the cross counter flow type, also ha^ a woridng fluid 
Inlet 10B and working fluid outlet 110, through which it receives (» a liquid at temperature t3) and 
despatches (at temperature t4). r^pedivety, the working fluid of Sie system, Tlte woridng fluid, which 
is heated and vapourtsed within the main heat exchanger 102. Is carefully chosen so that its 
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thermodynamio and i^emical proparfles are suHeble to the system desisn and tha operation 
tempa-atures and pressuFSS. In one embodiment, the working fluid is HFE-710a- 

ARer exit from the wor|cIng fluid ouHet 1 10 of the main heat exi^anger 102, the gaseouB worldrig fluid 
flows in the direqtfon of arrows A to the turbine inlet 1 1 2 of turbine unit 11 4. The working fluid arrives at 
th© turbine unit 114 at pressure pi, loses heet and pressure In drrving the turbine (not shown) 
mounted on turbine shaft 116 within the turbine unit 114, and exits the tuitoine unit 1 14 via turbme 
ouOets 11 8 at pressuTB p2. which is substemtiaHy lower than p1 . In one embodiment, the pressuns pi is 
1 1 .5 bar absolute and the pressure p2 to 1 .0 bar absolute* 

in one embodiment, the turbine shaft 1ie is mounted on a bearing (not shown) and Is mechaniodiy 
coupled to an alternator 120, e-g. the turbine and alternator armature (not shown) are mounted on a 
common shaft 1 16. In this way. hlgh-epead rotation of the turbine shaft 116 causes electrical energy to 
be generated in the alternator 120, the consequent voltage appearing at the altamator output 122. Trie 
coupling or the turbine shafl 116 to the Memalor 120 Is described fiHlhar hereinbelow with reference 
toRgs3to 5. 




After exit from the turbine outtets 118, ttie working fluid travels in the direction of arrows B to inlet 124 
of a s econd h eat e xchangar 1 26, which a cts a s a p leheater o f t he working fluid u sing t he I urblne 
e)diaust. The wortdng fluid is therefore Input to the second heat exchanger 126 at temperature tS and 
exits via outlet 128 at a tower temperature tG. At the same time, the second heat exchanger rec^ves 
another flow of working fluid (in the dfreotfon of arrows C), below Its boiling point and In liquid fomi, via 
inlet 130 at temperature 17. In the second heat exchanger 126. thermal energy is transferred to the 
flow of working fluid arriving at Inlet 130, the working fluid exits via ouU^ 132 at temperBtuns and 
flows (In ttia direction of an^ows D) to the inlet 1 08 of ttie main heat eoc^nger 1 02. 

The system also includes a condensing unit (or water cooler) 134. in which cold water arrives via inlet 
136 and exits via outlet 138. In operation^ wort^g flgid from the second heat exchanger 126. flowing 
in the direction of anow E> arrives in the condensing unit 134 via Iniet 140» Is cooled and ccmdensed 
into a liquid in the condensing unit 134. and then departs vb outlet 142. This liquid working fluid (at 
temperature XT), is fortsd by pump 144 via valve 146 In the direction of arrows C end forms the 
second suppjy of working fluid antving at second heat exdianger 126i to begin the cycle all over 
again. In one embodiment, a separate fluid line 160 delivers liquid working fluid to the bearing coupling 
the turbine unit 114 and the alternator 120, for lubrlcaflon. 

Thus, the system operates on a Rankine cyde and is sealed, so that there is no esi^pe or 
consumption of the W<x1dng fluid, whldi simply c^des through Its various phases. 

In one embodiment, the aystem Indudes a control system 150. to control the power output by the 
system. Most existing Rankine cycie machines are low speed units witii synchronous aitemators, 
running at tiie same frequency as the grid supply. Turbine speed and power control Is generally by 
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valves to bypass the turbine. However. Ihe system according to one aspect of the present Invention 
employs a high-speed alternator 120. and a powerHwndiHonlng unit Is preferably used to convert ihe 
high frequency alternator output to mains frequency. 

More specffically. the control system Includes Intermediate electronics 151, e power conditioning unit 
(PCU) 152 and a controller 1S4. The power output by the alternator 120 et outputs 122 is at a very 
high frequency, due to the htgh-^peed rotation of Ihe turbine shaft, and Is modified by intermediate 
electronics 1 61 , which le dOMrlbed in more detail fn Rg. 1(b). 

Referring to Fifl, 1 (b)^ the outputs 122 of the alternator 120 are conneoted to the inputs 160 (ihree of 
them, for a 3-phase alternator) of Intem^ediate electronics, generally designated 151 , The first sfesgfi of 
Intermediate electronics 161 h en optional transformer stage 162, for boosfing the voltage on each of 
the lines; this ensures, when needed^ that there Is suflRdent do voltage eventueUy appearing at Ihe 
PCU 1 52 that a complete 240 V sine wave (as per UK mains supply) can be generated at the output of 
the PCU 152. In certain embodlmenls. however, ttie voltage level output by the alternator 120 Is high 
enough such that the transformer stage 162 can be omhtod. 

Next, the voltages output by the trensfonmer stage 1B2 at 164 pass to a rectificetion stage 166, 
comprising a set of six rectification diodes 168, as Is well known In the art. Thus, a rectified, near do 
voltage Is supplied at outputs 170 Of the rectification stage 166, and this, in normal operating 
conditions spears at the outputs 172 of the intermediate eiectronics 1 51 . 

In the event of a sudden lose of grid connection all altemator load will be lost This could cause a 
significant overspeed of the alternator 120, and so as well as a dump vah^e (not shown) to b^ass the 
turbine, the Intennediate electronics 151 includes a safety stege 174 that Indudes a dump resistor 158 
to supply a load to the altemator 120 (n the event of loss of grid »nnection, to prevent overspeed. 

A transistor 176 Is In series with the dump resistor 158 across the outputs 172, with me base b of the 
tiansistor 176 being driven by an overspeed detection unit (not ^own). The latter supplies a PWM 
signal to the transistor 176, the duly cyde of which la proportional to the extent of overepead, so that 
Ihe higher the overspeed tt\e greater the load applied by the dump naslstor 1 68. 

As can be^seen in Rg, 1(b), ttie power supplied at outouls 172 (refemed to herein ae do bus) is at 
voitsnge V and current I, and this is supplied to tt^ PCU'lK7fhB PCU'lSz;^ which Is'kifibwn In the art. 
is adapted to convert power ftum dc to ac at the mains frequency (50 Hz in UK) and voltage ^40 V in 
UK). The PCU in tum Is able to vary the dc bis voltage 80 as to a<9u6t the power output of the system. 

Varying the dc bus voltage (V In Fig. 1(b)) In e^e power conditioning unit 152 controls the speed of me 
turbine shaft 116. Reducing the bus voltage increases the load on the altomator 120. <»us^g more 
cunent to be drawn firom the allernalor, Oonvarseiy. increasing *e bus voltage causes the altemalor 
cunrent to drop- By calouleting the power (e,g. using P=VI. or using a power measuring device) betore 
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and after the bus voltage change, it can be determined whether the pbwer was Inci^ased on 
decreased by the bus voliage ^ange. This allows the point of maxlmunfi powra^ output from th 
altemator 120 to be found end then continueiiy 'tracked' by altering the bus voltage. 

In one embodiment, the vdHefle supplied by the altemator at no load te 2a0Vac (ell voltages are 
measured llne-to-Ilne) on each of the three phases at 46.000rpm. the maximum rated speed of the 
altemator 120. The lowest speed at which power can be generated Is 28.000rpm, at which point the 
voltage is 160 Vac at no load. Increaelng the load will eiso reduce the alternator voltage: for example 
at 46,000 rpm the voltage will be 21 0 Vac at 6.S WW. 

The control of power output by varying the bus voltage may be Implemented by suitable an^og or 
digital electronics, m Icrooontrdter. or I he like. It m ay a Iso be controlled m anually using a p ersonai 
computer (PC) as the controller 154. Preferably, however, the power output la controlled automatically 
using a suitably programmed PC or other computing machinery as the contraNer 154. In either case, 
the PC conrHmunlcates with the PCU 152 by means of a RS232 serial communications device, 
although a RS422 or R&4afi a^pter could also be used< as Is known In the art. The PC may ttius, at 
any Hme. have a n&adlng of V end I, thereby enabling the instantaneous power to be Icnown. 

In t he G ase o f a utomatk^ P C c ontroi, t he m efiiod of c ontmi m ay b e b y m eans o f a uitabie s oi^tware 
implementing the following. 

Whila system Is ON do 
Increase bus voltage by one voltege step 
Measure new power (=VI} 

if new power less than or equal to old power then decrease voltage by one vottage step 
do 

decrease voltage by one voltage step 
measure new power 
while new power moi« than old power 
else do 

Increase voltage by one voltage step 

measure new power 

while new power more than old power. 

it will be appreciated by persons skilled ki the art tttat the stee of the voltage step is itetemiined by 
operating condlUons and is a suitably determined smaD fraction (e.g- 1-2.6%) of the mean bus voltage, 
in on embodiment, the voltage step chmge la made about every second. 

One other optional feature Incorporated In the system is a working fluid purfficatlon system, generally 
designated 170 In Fig. l. As mentioned hereinabove, if there are non-condenseWe gases present 
during the mnning of the system, overall perforniance can be sulpstantblly reduced. I.e. the pressure 
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ratio of the turblnd te tow^r than II should be. For ^cample, In the turbine mentioned in the examples 
herein^ the Input pressure pi is projected Id tie 20 ban and if the output prefigure p2 is 2 bar rather 
than the intended 1 bar. Ihe pressure ratio is 10 rather than 20, giving significantly reduced 
performance. 

A dlffimiily Is that when filling the system fnltiaily, the working fluid is a liquid and the rest of the system 
must be filled with a gas, for e^cample nitrogen. When perfamnlng this step the pressure can be 
reduced to below atmospheiic prMSure to reduce the mass of nitrogen in the system. IHowever, the 
pressure cannot be reduced too much, or cavitaOon will occur In ttie pump. Therefore, the optimum 
way to remove the unwanted gas from the ay$teim is during the running of the system. 

The worKing fluid purlflcalion system 170 Includes a conduit 172 connected at one end to a point Q on 
me second heal exchanger (preheater) 126 and at the other end to contaiol valve 174 which may be at 
the base entry/e}d( port 176 of an expansion tank 176, which, in one example, may be the type of 
expansion tank used In central heating systems. The expansion tank 176 has a flexible membrane or 
diaphinagm 1 78 so that It may in its tower part contain a variable volume V of gas and/or liquid . 

in the example (6kW system) mentioned hereinafter, the measurements are as fotiowa. 
System volume 70litn3S 
Fluid volume 1 8 fltraa 

Expansion tank volume 50 litres 

As can be seen, when the system Is Inttteliy filled with fluid, there win be 52 litres of nitrogen* Lowering 
the pressure of this gas with a vacuum pump reduces the amount of gas that has to be held in the 
expansion tank 176, meaning that it c^n be made smaller. Hils pumping also causes the diaphragm 
178 expand downwards tnXo the expansion tank, making the whole of the tank, or nearly all of it, 
avaii^le for reccing gasee. 

As nitrogen gas has a lower density than that of the working fluid vapour, it tends to accumulate at the 
hlgh«t location within the system. At this point (Q In Fig. 1). the fluid can be taken away to the 
expansion tank 176, the diaphragm 176 ailcjwing expansion to take place, enlarging volume V; I.e., 
with the control valve 174 open, the gases are allowed to move slowly into the expansion tank 1 76. As 
the nibxigen hae a lower density than the working fluid, most of the contents of the e)q>anfiion tank 176 
uATbe nitragen, w^ " " " 

Once the valve 174 has closed, the expansion tank 176 and its contents cool down naturally, causing 
the worWng fluW to condense. Th» next time the control valve 174 Is opened, the (now liquid) working 
fluid flows back under gravity bac^ into the main circuit of the system (via control valve 174 and 
conduit 172)), while the non-condensable gases tend to stay in the »q»anslon tank 176 due to their 
tower density. A cycle of (a) control valve OPEN for a flxed period, followed by (b) cmtrol valve 
CLOSED for a fixed period Is used to purify the working fluid, and diis cycle may be repeated several 
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times (for example about 3 to 6 time^X during the etart up of the energy recovery system, to collect 
much nitrogen in the expansion tein(c 17S m poselt^e. In the aforementhmed (6kW) system, the com 
valve 174 Is opened for one minute and then closed for ten mhutes. The opening end closing of the 
control valve 1 74 maybe perbniied mmuailyi orit maybe perfoimed automaflc^ly by a suitable 
controller, in thl$ «ise controller 1S4. 




The system preforably also includes a pressure sensor coupled to the controller 164, the pressure 
sensor being positioned to sense the pressure at the mtt of the expansion device (turbine); and the 
puriqcation cycle may be repeated tf pressure starts to build up during nomnal running of the system 
and It Is detected at the pnsssure sensor that the pressure has OKceeded a predetermined safe 
threshold. 



Figure 5 illustrates in more detail the coupling of the turbine unit and alternator of Rg. 1(a). Hera, the 
turbine unit is generally designated 1 14 and the altemalor generally designated 120. The turt>lne sl^eft 
rotates cdaoul an axis 302 and is integrai with a sectton 304 that forms part of the rotor 306 of me 
alternator 120. Generany parttel cylinder pemianenia magnets 308 are disposed on the section 304 of 
the shaft 1 16. Retaining the magnets 308 In position on the shaft 116 Is a retaining eyilnder 309: this 
retaining cylinder (made of a non-magnetic material such as CFRP) ensures that the magnets 308 are 
not dislodged during high-speed rotatlpn of the shaft 116- The stator 311, Incorporating a plurality of 
windings (not shown) In V^hld^ Current is generated, is mounted around the rotor 306« as is well known 
in the art, and is enclosed within housing 310. The section 3D4 of the shaft 116 Is supported at one 
end of the housing 310 by Journal bearing 312, and at the other end by the bearing generally 
designated 314, whidi is described in mora detail hereinafter. 

Figure 4 is an enlarged view of the tuft>ln»^bearing coupling in Rg. 3. As can be seen, the turbine unit 
1 14 Includes a first turbine stag$ 402 and a second turbine stage 404. IHlgh pressure heated woriung 
fluid present (at pressure pi) In the spa» 406 within the turbine unit housing 408 enters via inlet port 
410 of the first turbine stage 402 and flows in the direction of arrow F so as to be Incident upon a first 
seHes of vanes 412 seoiifaly mounted on tt>e shaft 116« The fast flowing working fluid fheraby imparts 
rotational encaigy to the shaft 1 16. Upon exiting ttie first turbine stage 402 (at pressure p3), the worldng 
fluid flows in the direction of arrows Q. 



Next, tiie woridng fluid at ('ffitemiedlate) pressure p3 (which Is substentialiy less than pi, but still 
relatively high) passes, via conduit 413, to the ne3d turbine stage 404. Here, the v/orking fluid enters 
via Inlet port 414 of the second turbine stage 404 and flows In the direction of arrow li so as to be 
incident upon a second series of vanas 416 securely mounted on the shaft 116. The fast flowing 
working fluid thereby Imparts further rotational energy to the shaft 116. Upon exiting the second 
turbine stage 404 (at (iressure p2)t the working fli^d flows In the direction of anwi J. Thus, pi > p3 > 
?2. 
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As can ba seen, the axlat and radial dlmerteions of ihe vanes 416 of the second turbine stage 404 are 
greater ttw those of the vanes 412 of the first turbine stage 402. In one embodiment, there are two 
turbine stages of equal diameter, and the axial dimension of the first turbine stags is 3/10 of the 
diameter, and ihe axial dimension of the ssi^nd turbine stage Is 4/io the diameter. In another 
embodiment, there are three turbine stages. The diameters of the first, second and ttiird turbine stages 
are In the ratio 4:5:6- The axial dimension of the first turbine stage is 0.375 x the respective 
diameter. The axial dimension of the second turbine stage is 0.35 x the respective diameter. The axlaJ 
dimension Of the first turbine stage is Q.33 x the respective dieter. 

A washer 410 Is provided fixedly attached to a Moulder 420 of the turbine stage 404 and has Its other 
Burfaoe abutting a bearing member 422. which Is described In more detail hereinafter^ and In 
operation, the working fluid permeates the apace between the washer 418 and the bearing member 
422, so as to provide lubrication* 

The bearing member 422 has a genei^ly T-shaped cross-eecHon. It includes a ffrst bearirtg surface 
424 on a raised portion on the tap of the T: and in use, this surface Is disposed opposite a second 
bearfng s urface 4 2B. of s ul>stantlally the a ame a nnular s hape and s ize, o n the s haft 1 1 6 n ear t he 
armature section 304. The bearing member 422 has a central cylindrical channel 428, thereby defining 
a cjiindrlcal third bearing surface 430 on bearing member 422 that Is disposed opposite fourth bearing 
surface 432 on the outside of shaft A fifth bearing surface 434 is provided on the bearing member 
422 on the end thereof opposite the first bearing surface 424, and this is disposed opposite a 
respective surface of the washer 418. tn pne embodiment, the working fluid permeates ail the spaces 
defined opposite bearing surfaces 424p 430 and 434 of bearbig member 422, thereby providing 
lubrication of the bearing. In one embodiment, the worldng fluid is provided as a liquid from the pump 
144 (see Fig. 1(a)) Via a fluid pipe 160. separate from the main flow&» communicating with the outer 
surface of the bearing member 422. 

It vtflll be appreciated that the bearing bl this fomi provides a bi-direcBonai thrust bearing: the bearing 
member 422 has two bearing surf^s 424 and 434. enabling it to receive thnist in bm directions. 

Figure 5 shows in more detail the bearing member Ai2 employed in the bearing in Fig. 4, indicating 
fluid flows. Figure 5(a) is an end view showing the first beartng surface 424. The flange 502, forming 
the top of the T, is provided wi»i two screw holes 604 enabling the bearing member 422 to be screwed 
or boiled to the housing 310 of the aHaatriHtDr 120. Six equdiy spaoeKt rBdially extendirtg flrit elongd^ 
recesses (slots) 606 are disposed in the first bearlr^ surface 424. extending from radial inner 
extremity of the first bearing surHace 424 towards the out^ radial extremity of the firs bearing surface 
424. enabling the passage of lubricant fluid. As can t>e seen in Fig. 5(b), each recess 506 does not 
quite reach the outer extremity SOS of the first t>eartng suilace 424, In the eml>odimCTt of Fig, 5(a), 
, each recess 506 is provided wf^ an axially extending second lululcation cliannels 51 Q, whi^ extend 
to a circumferential recess (or groove) described hereinafter. 
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In Other ©mbocUments, ih6re may not be a aeoond lubrlcatton channel 510 In each recess 506: foj 
example, Fig, S(c) llluatrates the case where a second lubrication channel 510 is provided in only twi 
of the recesses 606. 




Referring to Fig. 5(d). a circumfersnt^ly extending recess (groove) 512 Is provided In the outer 
surface 514 of bearing member 422. H can been seen that first lubrication channels 516 (here» four of 
them, equally circumferenfially spaced) Mtend between the circumferenllally extending recess B12 
and the interior of the bearing member 422, allowing passage of lubrication fluid. As best seen in Rg. 
6(e), the second lubrlcatton channels 510 extend between the fiist bearing surface 424 and the 
drcumferential recMB 512. The ends of the second lubrimflon channels 510 are also shown in Fig. 
5(Q. The latter figure aba shows a plurality (here six) of second elongate recesses (^ots) 516 
disposed In the fifth bearing surface 434. Two of the seomd elongate recesses 516 have second 
lubrication Channels extending iherefrom to the aforementioned circumferential recess 612. Figure 
5(g) Is a partial cro^-sectlon shovinng the recesses and channels In another way. 

Returning to Fig, 5(e), the itdsrication fluid enters the bearing member 422 in the direction of arrows K. 
The fluW flows In the direction of amMis L tp the first elongate recesses 606 on the first bearing 
surf8ce424, In the diction of arrow M tothe second elongate recesses 6 16 on the fifth bearing 
surface 434, and In the direction of airow N (into Hie paper) to the interior of ttie bearing member and 
ttie third bearing Surface 430. thereby rubricating the bearing. 



The specific values for one example (6kW version) of the system are set out below. Ail pressures are 
in bar (absoluteX All temperatures are In *C. The waridng n\M Is HFE-7100. 



t1 


t2 


13 


t4 


t5 


16 


t7 


180.0 


1 123.4 


111.0 


166j0 


130.0 


6S.0 


65.0" 










pi 


P2 


P3 






1.0 


3>4 



Examote^ 

The specific values for a second example (120kW version) of the system are set cut below. AK 
pressures are In bar (absolute). AH lemperatures are in ''C. The worlcing fluid is he«ne. 



t1 


t2 


13 


14 


15 


to 


17 


22S.0 


138.0 


123.8 


210.0 


145.9 


74.0 


64.0 








P1 


P2 


P3 




18.5 


1.0 
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The resulls from th© system demortstrate a very useful thermodynamic efflctency {usable electricity out 
to heat In) for the heat recovery w«i solar thermal Industries — 10% for a soureo fluid input at 110»C 
to for a source fluid Input at 270*0. 

Referring to Figure $. this Hlustrates an alternative (magnetic) coupling of the turbine unit and 
alternator of Fig. in another aspect of the invention. The view in Fig. 6(a) is an axial cross-section 
of the coupling, showing a firet rotaiy member 602 formed of turbine shaft 604 and a first magnetic 
member 606. In turn, thafM magnetic member 606 oomprises an armatura portion 608, made of 
steel or Iron, integral with the ahafl. and a plurality of magnet sections 610, to be described further 
hertfnb^ow. 

The first rotary member 602 Is hennrteflcaily sealed Inside a housing 612 that contains the turbine (not 
shown) and worWng fluid, the housing mciudlng a cylindrical portion 614 containing the first magnetic 
member 606. At least the portion 614 Is made of a non-magneUc material, such as stainless steel, 
nimonic alloy or plastic. 

A second rotary member 616 oomprises a second shaft 618 and a generally oyllnditeal second 
megnetto member 620 Integral therewith. Tlie second magnetic member In turn oomprises an outer 
supporting member 622 having a pluiaWy of second magnet sections 624 fixedly attached to the 
Interior thereof. 

As best shown m Fig. e(b), the flrat rotary member 602 may have a oompoaNa eonteinment shdl 628 
around at least the GfitnMtai part Ihereot, so as to maintain the first magn^ aaoBons 610 In place 
during high-speed rotation. The ooniOTwnenl sheU may be made of a composite such as cartion fibre 
lebiforoed plastic (CFRP). ksvla'. or glass fibre reinforced plastic (GRP). 

Figure B(c) Is a transverse wros^ctlon at A-A In Fig. 6(a). This shows the flrat magnet sections 6io 
and second magn^ sections 624 In more detail: In this case tti«a are four of each. The magnet 
sections are aiongate. wHh a taoas-seOtion similar to the sector of a disc the magnet secHons are 
pemianent magnets fonned of a auBable material, sudi as fenfle material, samarium cobalt or 
neodymlum iron boron. The direction of the Morth-South direction for ttta magnet sections is radial, as 
schematically illustrated In Fig. 6(d). 

Turning to F^. 6(e). tills shovwe w altematlva embodiment, m vi*ii* the first magnetic m«nbar 606* 
and the second magnetic member 620* are substantially dteOi«hapad. The first m^netie member 606* 
oomprises a first mounting section B2S and first magnet aacttona 610*. and the second magnetic 
member 620' Includes a second mounting section 630 and second magnet secfflons 624'. As before, a 
non-magnetic portion 614' of fhs housing (similar to 614 and made of tiie eforementioned non- 
magnetic material) separates the faces of the disc-shaped magnetic members eoff and 620'. which 
are In dose proximity. 
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The arrangement of (he poled for the magnet Actions one or both of the first and second magneto 
members 606\ 620" is HlustrBted sdiematteally in Fig. 6(f). As dso Blustreted in Fig. 6(g), the polarii 
of ih^ face of the magnet decfione 61 0' <or 624') alternates as you go tangentially from magnet section 
to magnet section. 

These magnet arrangements permit coupling and transfer of rotational energy and torque from the 
turbine shafi QQ4 to the Shaft 618 of the alternator, and era adapted to do so at lelattvely high speeds, 
e.g. 25,000 to 60,000 rpnn* 
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Claims: 



1. An energy recovary system, for 9Ktr«iQ«ng energy from a source of waste heat, the system 
being a closed ^y&tem with a circulating working fluid, comprising: 

a first heat exchanger for receiving source fluW» Inoorporatlng the waste heat, at a first 
temperature and oulputting waste fluid at a second teitiperature, and for receiving said working 
fluid at a third temperature and outputting tho working fluki at a fourth temperature, said fourth 
temperature being higher than said third temperatuie and higher than the boilfaig point of Ihe working 
fluid; 

B turbine unit, err^ngod to receive the workhg fluid output from ihe first heat exchanger at a 
first pressure and to output the working fluid at a second pressure, said second pressure being lower 
than the first pressure, the turbine unit thereby imparting rotational energy to a turbine shaft mounted 
within the turbine unit; 

an electromedianlcal opnverston unit, coupled to the turbine shaft, for converting said 
rotational energy into eleolrteal energy, 

a cooling system. OQUPled to Ihe turbine unit and to the firat heat exchanger, for receiving the 
working fluid from the turbine unit at a fifth temperature, cooling lha fluid, and supplying the fluid to the 
first heat exchanger at said third tempeiaiure. 

2. The system of claim 1, wherein the cooling system includes a second heat exchanger, 
coupled to the tufbfrie unit and to the fln^t heat mchenger. for receiving a first supply of working Huid 
from the turbine unit at said fifth temperature and outputUng worUig fluid from first supply at e 
sixth temperature, said sixth temperature being lower than said fifih temperature; 

wherein tiie second heat exchanger is further adapted to receive a second supply of working 
fluid in liquid form at a seventh temperature and puiput working fluid from the second supply of fluid to 
said first heat exchanger at said third temperatuie. 

3, The system of cialiti 2, wherein the cooling system fiirther Includes e condensing unit, coupled 
to the second heat exchanger and adapted to receive a supply of cooling fluid, for receiving the 
working fluid output by the second heat exchanger at said sixth temperature and outputting working 
fluid in liquid form at said seventh temperature, said seventh temperature being lower flian said sixth 
temperature and lower than the boiling point of the working fluid. 

47 The system ofcloirifi 3, wherebi the cooling si^emlncfidTO a purrip, c^frted td'tha cksoling 
unit, for receh^lng the llquM ^nroridi1lg fluid et saM sevenfli tmiperature and pumping said liquid woiKing 
fluid to said secortd heat escchanger* ttiereby providing said se<s>nd supply of working fluid to the 
second heat ex^anger. 

5. The system of any of daims 1 to 4, wherein said first temperature is alK>ut 110 to about 



225»C. 
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B. The system of any of daimd 1 txn 5, wherein satd second temperature is atiout 80 to abo 

7. The system cf any of olaims 1 to 6, wherein said fbst temperature is about 180''C and saiO 
second temperatura iB.Bbout 123 

8. The system of any of the preceding claims^ wherein said first pressure is about 10 to 30 f>ar 
absolute. 



9. The system oTiariy of the preceding cialms, wherein said second pressure is £d)out 0.5 to 2 bar 
absolute. 

10. The system of any of the preceding claimsi wherein the turbine shaft Is mourited on a bewng 
wimin said turt>1ne unit, and saM woftdng fluid permeates said turbine unit^ thereby providing 
lubrication of said bearing. 

11. The system of any of the preceding claims, wherdn the working fluid comprises a single 
component fluid selected from the aUcanes. 

12. The system of any of the preceding ci^ms, wherein the working fluid comprisra a fluid with a 
boiling point of about 30-1 10^ 

1 3. The e ystem o f a ny.o f t he p receding c lalms, w herain t he e lectromechanical c onversion u nit 
Includes an aitemator adapted to output etedrto oun'ent 

14. The system of any of the preceding claims, wherein the electromefihanlcai conversion unit 
includes a n electrlcat conditioning unit, coupled to said alternator, for a itering the frequency of the 
current received from the aKemator and outputtfrig cunrent at mains fnaquency. 

15. The system sut»stantially as Iwrelnbefbrs described with ref^enoe to tfie accompanying 
drawings. 



16. The use of HFE-7100 or hexane or water as the wortdng fluid and/or lubrication fluid in the 
energy recovery system of any of the preceding claims. 

17. The use of one of the aiiianes as the working fluid and/or lubrication fluid in the energy 
recovery system of any of the appended dafans. 
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